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Abstract— We have studied the radiation hardness of the
VA1, a Viking-architecture preamplifier VLSI chip. LSI
samples are fabricated in 0.8 ym and 0.35 pum process tech-
nologies to improve the radiation hardness of the LSI for
the Belle silicon vertex detector upgrade.

‘We have observed significant improvement of the radia-
tion hardness with 0.8 um technology. Little degradation of
noise and gain is observed up to a total dose of 20 Mrd for
the VA1 fabricated in the 0.35 ym technology. We find that
the radiation hardness improves with a scaling of better than
58 (toz: oxide thickness). Basic parameters of MOS FETSs
are also studied to understand the mechanism of radiation
damage in the VAL1.

I. INTRODUCTION

In the Belle B-factory experiment, the radiation dose
in the silicon vertex detector (SVD)[1], [2] is found to be
about 10 krd per month. The fractional noise increase of
the original 1.2 ym CMOS VA1 chip used in the first Belle
SVD was measured to be 1.6%/krd. This chip stopped
functioning altogether above 200 krd. This level of radia-
tion hardness is not adequate for long-term use in Belle.

It is thus crucial to improve the radiation hardness of
the VA1 to 2 Mrd or more for 5 years of stable operation of
an upgraded detector. We fabricated two iterations of the
VA1 with sub-micron process technologies to achieve this
goal.

II. RaDIATION EFFECTS ON MOS DEVICES

Radiation damage to a MOS FET is mainly caused by
ionization charges trapped near or in the interface between
the SiO2 and the Si bulk[7]. Increased oxide trapping (fixed
charge in the oxide layer) and interface trapping (localized
electronic state very near the Si-SiO interface) cause in-
creased 1/f noise, mobility degradation (which then de-
grades transconductance and increases white noise) and
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threshold voltage shifts. The 1/f noise is caused by fluc-
tuations of the number of carriers due to the trapping and
detrapping of carriers by near-interface oxide traps. Thus
the increase of 1/f noise is linearly proportional to the
number of increased oxide traps. The mobility degrada-
tion is caused by the interaction between interface traps
and carriers in the surface channel of MOS FETs, which
decreases transconductance and increases white noise of
the FET. Since oxide traps are positively charged, they
produce negative threshold voltage shifts of MOS FETs.
Interface traps produce positive threshold voltage shifts for
n-channel MOS FETs and negative threshold voltage shifts
for p-channel MOS FETs, because interface traps are neg-
atively charged at m-channel threshold and are positively
charged at p-channel threshold, depending on the position
of the Fermi level.

It is well known that the intrinsic radiation hardness of
CMOS ICs depends on the gate-oxide thickness, since a
thinner oxide provides fewer ionization charges. In addi-
tion, trapped charges can escape via a tunneling effect.
The threshold voltage shift in a MOS transistor will scale
like the square of the gate oxide thickness (t,,), which in
turn is (approximately) proportional to the feature size of
the process being used. Furthermore, it is known that the
radiation hardness scales much better than t,,2 in the deep
sub-micron region[8].

III. TEST SAMPLES

We fabricated the VA1 in the AMS 0.8 ym and 0.35 pm
process technologies to improve radiation hardness. Table I
shows the oxide thickness of a MOS FET in each process
technology. A 1.2 pm process technology is used for the
original VA1 chip.

TABLE 1
THICKNESS OF GATE OXIDE FOR EACH PROCESS USED FOR THE
SAMPLES.

0.8 0.35
7.5

feature size (pm) 1.2
oxide thickness (nm) 25 16

In this study, we also measure basic parameters (thresh-
old voltage shifts, transconductance, increases in the num-
ber of oxide traps and interface traps) for MOS FET sam-
ples fabricated in the AMS 1.2 pum process as a function of
radiation dose, in order to understand the radiation dam-
age in the VAL.
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Fig. 1. Measured noise (a) and gain (b) of the 0.8 pm VA1 with 20 pF
of load capacitance as a function of the total radiation dose. The
results with 1.2 pm VA1 are also shown for comparison.

IV. REsuLTs ON VA1 CHIPS

VA1 samples are irradiated by a 5°Co gamma-ray source
in the Research Center for Nuclear Science and Technol-
ogy at the University of Tokyo. The average dose rate is
approximately 1 krd/min. In order to simulate a running
environment, proper DC bias currents and voltages are sup-
plied to the VA1 chips during the irradiation. The samples
are annealed for a few days after each irradiation.

Fig. 1 (a) and (b) show measured noise and gain of the
VA1 fabricated in the 0.8 pum process with 20 pF of load
capacitance as a function of the total radiation dose. The
results obtained from the VA1 fabricated in the 1.2 pum
process are also shown in the figures for comparison. The
improvement in radiation hardness for the 0.8 pym tech-
nology is quite significant. The fractional noise increase
of the 0.8 um VA1 is measured to be 0.13%/krd, which is
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Fig. 2. Measured noise (a) and gain (b) of the VA1 chip fabricated in
the 0.35 pum process with 20 pF of load capacitance as a function
of the total radiation dose.

more than 10 times better than the result from the 1.2 ym
VA1. The 0.8 pum VA1 is found to stop functioning between
1 Mrd and 1.2 Mrd.

Fig. 2 (a) and (b) show the measured noise and gain of
the VA1 fabricated in the 0.35 pum process with 20 pF of
load capacitance as a function of the total radiation dose.
Note that the initial noise is larger for the 0.35 pym VA1l
than the other VAls due to the different shaping times.
Under the same conditions, the noise performance of the
0.35 um VALl is equivalent to the original VA1l. After a
small degradation of the noise and gain, no further signifi-
cant degradation is observed. The sample is still functional
after 20 Mrd of total radiation dose.

Fig. 3 shows the fractional noise increase as a function
of the oxide thickness (¢,;). Fig. 4 shows the fractional
gain degradation as a function of the oxide thickness. In
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Fig. 3. Fractional noise increase as a function of the oxide thickness

(toz). A line with y = atgm is also shown as a reference.
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Fig. 4. Fractional gain degradation as a function of the oxide thick-

ness (toz). A line with y = at8, is also shown as a reference.

these plots, the fractional noise increase and the fractional
gain degradation for the 0.35 pm VA1 are obtained assum-
ing the linear dependence of the noise and the gain on the
radiation dose. A line with y = atS, is also shown as ref-
erence. We find that the radiation hardness scales as t,9
in the case of the noise and ¢,,? in the case of the gain, for
oxide thicknesses from 1.2 pm to 0.8 pm. The difference
may indicate the difference in the damage mechanism. The
change in noise and gain from 0.8 ym to 0.35 pm appears to
be larger than a sixth power dependence on the thickness
of the oxide. Escape of hole traps by the tunneling effect
must be dominant for sub-micron technologies. Further-
more, almost all traps escape by tunneling for the device
fabricated in the 0.35 um process and the total dose effect
is negligible.

V. REsuLTs oN FETSs

Radiation effects on MOS FETs fabricated in the AMS
1.2 pm process are measured. W/L of the FETSs is 30/1.2
pm for both n-channel and p-channel MOS samples. FET
samples are irradiated in a similar manner as the VA1 sam-
ples.

Fig. 5 shows the threshold voltage shift of n-channel and
p-channel MOS FETs as a function of the total radiation
dose. The n-channel MOS FET shows a positive threshold
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Fig. 5. Threshold voltage shift of MOS FETs as a function of the
total radiation dose.

voltage shift, while the p-channel MOS FET shows a neg-
ative threshold voltage shift. This indicates that the num-
ber of increased interface traps (ANj;) is much larger than
that of increased oxide trap (ANyy), since oxide traps al-
ways produce negative shifts in the threshold voltage while
interface traps produce positive threshold shifts for the n-
channel MOS FET and negative threshold shifts for the
p-channel MOS FET.

We expect that degradation of the transconductance of
the p-channel MOS FET is the dominant contribution to
the increase of the VA1 noise. 1/f noise is known to be neg-
ligible in the VA before irradiation. The equivalent noise
charge (ENC) of the VA1 can be expressed as a function
of the transconductance of the input p-channel MOS FET

(9m) as(4], [5];

Ene = &e | RL
q \ 3gmTp

(1)

where C} is total load capacitance, e is the base of natural
logarithms, ¢ is the magnitude of the electron charge, n is a
slope factor and is about 1.2, k is the Boltzmann constant,
T is the absolute temperature, and 7T}, is the peaking time.

Fig. 6 shows the transconductance of the MOS FET sam-
ples as a function of the total radiation dose. (Note that
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Fig. 6. Transconductance of MOS FET's as a function of the total
radiation dose.

the size of the MOS FET tested here is different from the
FET used for the VA1 input.) The transconductance of the
FET is found to degrade by 24% after 200 krd irradiation,
which is expected to increase the noise coefficient for the
load capacitance by a factor of 1.15. On the other hand,
the noise coefficient for the 1.2 ym VA1 is measured to be
7.2 e~ /pF before irradiation and 24.2 e~ /pF after 200 krd
of irradiation. This indicates that the degradation of the
transconductance of the input p-channel MOS FET is not
the dominant source of the increase of the VA1 noise after
irradiation.

To further understand the source of the increase of the
VA1 noise due to radiation, the numbers of increased oxide
traps (ANyt) and interface traps (ANjy) are investigated.
1/f noise increase is expected to be proportional to the
square root of ANy while the transconductance is weakly
dependent on ANy. Fig. 7 and 8 show ANy and ANy,
respectively, as a function of the total radiation dose.
The value of ANj; is found to be larger than the ANy
by a factor of 2 to 4. This is consistent with the above
arguments based on the direction of the threshold voltage
shift.

We estimate the 1/f noise increase from ANy We de-
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Fig. 7. Number of increased oxide trap (ANy¢) of MOS FETs as a
function of the total radiation dose.
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Fig. 8. Number of increased interface trap (ANj;) of MOS FETs as
a function of the total radiation dose.

fine spectral density of 1/f noise as;

K

vl = ree gV (2)
where f is the frequency, W(L) is the width(length) of the
gate oxide, C,, is the unit capacitance of the gate oxide,
and K is a noise constant. The increase of Ky (AKy) is
proportional to ANgy; AKy = « X ANy, where « is a pro-
cess dependent damage constant. AKy can be related to
AENC = \/ENC? — ENC} of the VA1 using the transfer
function of the VA1 as;

AENC
95C%

2
AK; = ( ) WLC2, x 107 [VZpF?/um?]. (3)
Assuming that the increased VA1 noise, AENC = 1540
e~ at 200 krd is dominated by the contribution from the
1/f noise, we obtain a = 1.61 x 10716 V2pF?2. This is close



to the value @ = 0.95 x 10716 V2pF? obtained by Mat-
sushita et al.[9]. Although the agreement is good enough
taking into account the process dependence of «, this value
is still too large to be consistent with measured noise at 50
and 100 krd, since AENC is proportional to \/AKy (or
vANy). This indicates that the increase of 1/f noise is
not the dominant source of the increase of the VA1 noise
after irradiation. Further investigation is necessary to un-
derstand the mechanism to increase VA1 noise after irra-
diation. It will also be of great interest to measure the
similar parameters of FETs fabricated in the AMS 0.8 ym
and 0.35 pm process technologies and to understand the
relation with the increased VA1 noise.

VI. CONCLUSIONS

We have successfully developed a radiation-hard front-
end VLSI using a 0.35 pm process technology. Test samples
are found to be functional after total 20 Mrd of gamma-ray
irradiation. We find that the radiation hardness improves
at t;.9 or better with sub-micron process technologies. Sev-
eral parameters of MOS FETs are measured as a function
of radiation dose to understand the sources of the increase
of the VA1 noise. The degradation of transconductance of
input FET and the increase of 1/f noise are considered as
sources of the increase of the VA1 noise after irradiation.
Measurement results indicate that neither of them is the
dominant source of the increase of the VA1 noise. Further
investigation is necessary to understand the mechanism of
radiation damage in the VAL.
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